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Abstract 
Systems that produce synthetic liquid fuels and electricity from coal and biomass with carbon capture and storage 
offer an attractive cost-competitive approach for decarbonising liquid fuels and electricity simultaneously. 
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1. Introduction 
Kreutz, et al. [1] estimated mass, energy and carbon balances,2 fuel-cycle-wide GHG emissions,3 and prospective 
costs4 for 16 alternative plant configurations for making Fischer-Tropsch liquids (FTL): from coal only (CTL), 
biomass only (BTL), or by coprocessing coal and biomass (CBTL); with recycle (RC5) or once-through (OT6)
synthesis; and with CO2 vented (-V), captured and stored (-CCS7), or super-captured and stored (A-CCS8). For all 
CCS and A-CCS cases it was assumed that the CO2 is transported 100 km and stored in a deep saline formation 2  
1 Corresponding author. Tel.: +1-609-258-5448; fax: +1-609-258-7715; E-mail address: rwilliam@princeton.edu 
2 Aspen Plus software for modelling.  Key technological components include GE O2–blown, entrained-flow quench gasfier for coal; GTI 
O2/steam-blown fluidized bed gasifier + tar cracking for biomass; Rectisol for acid gas removal; low-T, slurry-phase FT synthesis (Fe catalyst);
onsite FT refining to diesel/gasoline; power island with: steam turbine for RC cases and combined cycle with “F” class gas turbine for OT cases. 
3 The GREET model (version 1.8) was used to estimate GHG emissions upstream and downstream of conversion facilities. 
4 For each option total plant cost (TPC) was estimated, component by component (from many publicly available sources) based on Aspen Plus 
mass/energy balances and escalation to mid-2007$ using the Chemical Engineering Plant Cost index. Capital costs were made consistent with 
TPC component estimates in the NETL 2007 Baseline Power Study [6]. Twenty-year levelized production costs were estimated using the EPRI-
TAG methodology [7] and assuming capacity factors of 90% for FTL and 85% for power only, a 55/45 debt/equity ratio, a 39.2% corporate
income tax rate, the Modified Accelerated Cost Recovery System, property taxes/insurance @ 2%/year of TPC, owner costs @ 10% of TPC, a 
three-year construction period, and sale of the coproduct electricity @ $60/MWh (US average generation price in 2007) + a GHG emissions 
charge for the average electric grid GHG emission rate in 2007 (636 kg CO2eq/MWh).  
5 Syngas unconverted in a single pass through the synthesis reactor is recycled to maximize synfuel yield. 
6 Syngas unconverted in a single pass is burned to make coproduct electricity in a gas turbine/steam turbine combined cycle power plant. 
7 Capture of only CO2 available in naturally concentrated streams. 
8 Additional CO2 capture in OT systems by adding autothermal reformers + additional capture equipment. 
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km underground, and costs for CO2 transport and storage were estimated using 
the model developed in [2].  It is assumed that the coal and biomass feedstocks 
(Table 1) have delivered costs of $1.71/GJHHV9 and $5.0/GJHHV10, respectively. 
Costs were estimated for Nth plants in a fully established, competitive FTL 
industry.11  Here the main findings of [1] are highlighted and explained and a 
way forward for promising options is suggested. 
Kreutz et al. [1] showed that a strong economic case can be made for 
addressing simultaneously energy insecurity and climate change challenges by 
building polygeneration plants with CCS that coproduce synthetic fuels and 
electricity from coal and biomass. Specifically: 
x A system in a polygeneration configuration (OT plant) would provide FTL at 
a much lower production cost than an RC plant, for the same coal input level.  
x Polygeneration systems would provide decarbonized electricity at far lower 
costs of GHG emissions avoided than for any known technological option for 
decarbonizing power generation in plants that provide only electricity. 
x Coprocessing biomass with coal in polygeneration plants with CCS can lead 
to significant reductions in GHG emission rates for FTL. In systems that 
involve CCS, biomass becomes a C-negative energy option. If CCS is to be pursued for biomass, the economics 
would typically be much more favorable when biomass is coprocessed with coal than when used in systems that 
use only biomass because of both coal energy conversion scale economies and the low feedstock cost of coal 
relative to biomass. For such systems negative emissions arising from geological storage of photosynthetic CO2
can be used to offset positive emissions from coal: (i) Polygeneration plants with CCS coprocessing less than 
10% biomass (HHV energy basis) could provide decarbonized power12 and FTL at a fuel-cycle-wide GHG rate 
that is no greater than that for the crude oil products displaced; (ii) Polygeneration plants with CCS coprocessing 
35-40% biomass could provide decarbonized power11 and FTL with a zero net fuel-cycle-wide GHG emission 
rate; under a serious carbon mitigation policy, such plants could provide FTL at the least cost of all the 16 FTL 
system configurations investigated in [1].  
x Once built, polygeneration plants would be powerfully competitive in economic dispatch markets for electric 
power—so that building a large number of these “must-run” plants could replace with decarbonized electricity a 
large amount of electricity from existing coal plants that vent CO2.
In the next sections the basis for each of these findings is discussed in detail, in the context of the seven FTL 
systems described in Table 2 and Table 3—four of which are as described in [1] and three of which are smaller-scale 
versions of systems described there.  
2. The relative economics of OT and RC plant configurations 
     A major finding of Kreutz et al. [1] is that OT configurations can provide FTL at much lower cost than can RC 
configurations. Quantitatively, consider two alternative CTL systems with identical coal input rates that vent CO2:
9 The average price projected for US coal power generators in 2010 by the Energy Information Administration (EIA) in its Annual Energy 
Outlook 2007 report [9].  
10 The assumed biomass price is consistent with delivered biomass cost estimates made using a detailed state-by-state biomass logistics model for 
mixed prairie grasses and corn stover [8]. 
11 In this paper most capital and production costs were estimated for Base Case conditions: Nth plants and mature, competitive market conditions. 
Base Case capital costs were estimated assuming no escalation beyond average 2007 costs and an aggressive training algorithm for system 
components. Assumed Base Case financing costs are real rates of return of 10.0% per year and 4.4% per year for equity and debt, respectively—
corresponding to a real pre-tax weighted average cost of capital of 7% per year. For plants deployed early on (discussed late in the paper), it is 
more realistic to assume Early Mover conditions that better reflect the costs and risks of being first movers: a conservative training algorithm for 
equipment components in estimating capital costs and much higher financing costs [16.5%/y real (20.0%/y nominal) for equity and 6.3%/y real 
(9.5%/y nominal) for debt]. To illustrate how a shift from Base Case to Early Mover conditions would affect outcomes, consider the Large Coal 
RC plant with CO2 vented that produces 50,000 barrels per day of FTL (Tables 2 and 3). For Base Case conditions this plant would be 
characterized by a TPC of $98,000 per barrel per day and a breakeven crude oil price (BECOP) of $56 a barrel (Table 3). But for Early Mover 
conditions, the TPC and BECOP would instead be $110,000 per barrel per day and $86 a barrel, respectively.  
12 Power with a GHG emission rate equal to that for a stand-alone coal power plant with 90% capture.  
Table1.Feedstocks.a
 Coal Biomass
ProximateAnalysis(wt%,asͲreceived)
Fixedcarbon 44.19 18.1
Volatilematter 34.99 61.6
Ash 9.7 5.26
Moisture 11.12 15.00
LHV(MJ/kg) 25.861 14.509
HHV(MJ/kg) 27.114 15.935
UltimateAnalysis(wt%,drybasis)
Carbon 71.72 46.96
Hydrogen 5.06 5.72
Oxygen 7.75 40.18
Nitrogen 1.41 0.86
Chlorine 0.33 0.00
Sulfur 2.82 0.09
Ash 10.91 6.19
HHV(MJ/kg) 30.506 18.748
(a) Properties are for bituminous
Illinois#6coalandswitchgrass.
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Large CTL-RC-V (Table 2 and Table 3) and Large CTL-OT-V13. When the coproduct electricity is sold at the 2007 
US average electric generation price of $60/MWh, the FTL production cost was found in [1] to be 24% less for the 
Large CTL-OT-V case than for the Large CTL-RC-V case. This economic advantage of the OT option can be 
attributed largely to its extraordinarily high marginal efficiency of power generation: for OT and RC plants having 
the same FTL outputs, it was found that the difference in electricity outputs divided by the extra coal required for the 
OT case is ~ 50% for the –V case and ~ 43% for the –CCS case (LHV basis); in both instances these marginal 
efficiencies for power generation for OT options are ~ 10 percentage points higher than for stand-alone power.  
These high marginal efficiencies arise because the heat recovery steam generator for the downstream gas 
turbine/steam turbine combined cycle power plant offers enough high-quality “waste heat” to both superheat for 
power generation the saturated steam recovered from FT synthesis and other upstream exotherms and generate 
additional steam for power generation. The high marginal efficiency is manifest by a steam turbine-to-gas turbine 
power output ratio ~ 1.1 – 1.2 for CTL-OT systems compared to ~ 0.6 for a typical coal IGCC plant; in RC systems 
there is not enough high-quality “waste heat” available to adequately superheat the saturated steam available from 
synthesis to make it useful for power generation. 
This finding implies that a Small CTL-OT-V plant requiring about 30% as much investment14 as a large CTL-
RC-V plant (Table 3) could produce FTL at essentially the same levelized cost over the entire GHG emission price 
range of $0/t to $100/t of CO2eq (Figure 1)—an especially important advantage when debt capital is scarce. 
Table2.Performancesimulationresults.LargeCoalRC,LargeCBTL2ͲOTͲCCS,andCBTLͲOTͲCCSarefrom[1].
LargeCoalRC SmallCoalOT CBTL2ͲOTͲCCS
V CCS V CCS Large Small
CBTLͲOTͲ
CCS
Coalinputrate
AsͲreceived,metrict/day 24,297 24,297 6,782 6,782 22,343 6,237 3,418
Coal,MWHHV 7,625 7,625 2,128 2,128 7,012 1,957 1,073
Biomassinputrate
AsͲreceivedmetrict/day Ͳ Ͳ Ͳ Ͳ 3,581 1000 3,578
Biomass,MWHHV Ͳ Ͳ Ͳ Ͳ 661 184 660
%biomassHHVbasis Ͳ Ͳ Ͳ Ͳ 8.6 8.6 38.1
TotalFTLproductioncapacity(a)
Diesel+gasoline,MWLHV 3,147 3,147 644 644 2,307 644 510
Diesel+gasoline,MWHHV 3,387 3,387 693 693 2,483 693 549
bbl/daycrudeoilproductsdisplaced 50,000 50,000 10,232 10,232 36,655 10,232 8,100
Electricity
Grossproduction,MW 874 874 467 464 1,696 473 399
OnͲsiteconsumption,MW 447 557 110 164 583 163 124
Netexporttogrid,MW 427 317 357 300 1,113 311 276
EnergyRatios
FTLout(HHV)/Energyin(HHVbasis) 44.4% 44.4% 32.6% 32.6% 32.4% 32.4% 31.7%
Netelectricity/[Energyin(HHV)] 5.6% 4.2% 16.8% 14.1% 14.5% 14.5% 15.9%
[FTL(HHV)+electricity]/[Energyin(HHV)] 50.0% 48.6% 49.3% 46.7% 46.9% 46.9% 47.6%
Cinputasfeedstock,kgC/second 179 179 50 50 181 50.6 41.7
CstoredasCO2 0% 52.0% 0% 51.4% 51.4% 51.4% 51.2%
Cinchar(unburned) 5.1% 5.1% 5.0% 5.0% 5.5% 5.5% 6.9%
Cventedtoatmosphere 60.9% 8.9% 70.1% 18.7% 18.6% 18.6% 18.3%
CinFTL 34.0% 34.0% 24.8% 24.8% 24.6% 24.6% 23.5%
Cstored,tCO2perhour Ͳ 1,217 Ͳ 337 1,221 341 281
Cstored,106tCO2/yr(90%cap.factor) Ͳ 9.60 Ͳ 2.66 9.63 2.69 2.21
NetLifecycleGHGEmissions(b)       
kgCO2eq/GJFTLLHV 200 94 259 118 91.8 91.8 1.0
Relativetocrudeoilproductsdisplaced 2.18 1.03 2.83 1.28 1.00 1.00 0.01
(a)Ratioofdieseltogasoline:61/39(energybasis),57/43(volumebasis).VolumetricratesofFTLfuelsarereportedhereasthevolumetric
rateofcrudeoilproductsdisplacedcontainingthesameamountofenergy(LHVbasis).
(b)ElectricitycoͲproductGHGemissionscreditequaltoemissionsrateforstandͲalonecoalͲIGCCwithCCS(138kgCO2equivalent/MWh).
13 The Large CTL-OT-V plant (TPC  ~ $4.4 billion) described in Kreutz et al. [1] would produce 36,700 B/D of synthetic diesel/gasoline 
blendstocks + 1279 MWe of net electricity.
14 In downsizing from Large CTL-OT-V to Small CTL-OT-V, the specific capital cost for the plant increases from ~ $120,000 per barrel per day, 
as estimated in  [1] to ~ $145,000 per barrel per day (Table 3) because of scale economies.  
R.H. Williams et al. / Energy Procedia 1 (2009) 4379–4386 4381
 Williams / Energy Procedia 00 (2008) 000–000  
3. Relative costs of decarbonizing power for FTL OT systems and stand-alone power systems  
OT synfuel systems also offer a less costly approach to decarbonizing power than can stand-alone power systems. 
For example, the minimum GHG emissions price for inducing a shift from Small CTL-OT-V to Small CTL-OT-
CCS (cost of GHG emissions avoided) is only $21/t CO2eq (Figure 1 and Table 3). In contrast, the minimum GHG 
emissions price needed to induce CCS for a coal IGCC plant is ~ $45/t with growing electricity demand15 and > $70 
a tonne when electricity demand is not growing.16
This difference in avoided costs arises because FTL systems generate a pure CO2 stream (accounting for ~ ½ of 
the feedstock carbon for both RC and OT systems as an inherent aspect of the process), so that CO2 capture costs are 
low—in the CTL-OT-CCS case < 3/5 of the capture cost for a coal IGCC plant with CCS (Figure 2).  
Figure 2 shows that the CO2 capture cost for a CTL-OT-CCS plant is double that for a CTL-RC-CCS plant ($14/t 
vs $7/t for plants with the same coal input rates). In 
the CTL-RC-CCS case, the only capture cost is for 
drying and compressing CO2 to 150 bar; in the 
CTL-OT-CCS case there are several other capture 
cost elements—the largest being for N2
compression to provide N2 from the air separation 
unit to the gas turbine combustor to meet NOx
emission control requirements. In the CTL-OT-V 
case there is no need for N2 for NOx control, 
because the large CO2 flow to the gas turbine 
combustor keeps the adiabatic flame temperature 
low enough for NOx emissions control. 
15 This is the GHG emissions price above which the generation cost for a coal IGCC plant with CCS (IGCC-CCS) is less than that for a 
pulverized coal power plant with CO2 vented (PC-V). This comparison is the appropriate one for estimating the avoided CCS cost because at $0/t 
CO2eq the generation cost for a PC-V plant is less than that for an IGCC-V plant. For details, see Kreutz et al. [1].  
16 When electricity demand is constant or declining, the minimum GHG emissions price needed to induce the building of a new IGCC-CCS plant 
is the price needed to make the total IGCC-CCS cost equal to that for a written-off coal power plant—which, as shown in Figure 35, page 58, of 
[1] is $72/t of CO2eq. If the US were to enact a comprehensive C-mitigation policy, flat or declining electricity demand might be anticipated. 
McKinsey & Company [4] projects essentially flat electricity demand through 2030 for its mid-range US GHG mitigation scenario—an outcome 
arising largely from anticipated investments in energy efficiency improvements for both new and existing residential and commercial buildings, 
which are likely to be prominent among “low-hanging fruit” opportunities that would be exploited under a comprehensive C-mitigation policy.
Table3.InstalledcapitalcostsandlevelizedFTLproductioncostswithzeroGHGemissionsprice.Large
CoalRC,LargeCBTL2ͲOTͲCCS,andCBTLͲOTͲCCSresultsarefrom[1].
LargeCoalRC SmallCoalOT CBTL2ͲOTͲCCS
 V CCS V CCS Large Small
CBTLͲOTͲ
CCS
Totalplantcost(TPC),1062007$ 4,878 4,945 1,486 1,539 4,617 1,555 1,379
SpecificTPC,2007$perbbl/day 97,568 98,908 145,175 150,448 125,946 151,976 170,189
LevelizedFTLcost,$/GJLHV
Capitalcharges 8.42 8.53 12.52 12.98 10.86 13.11 14.68
O&Mcharges 2.18 2.21 3.25 3.37 2.82 3.40 3.81
Coal(@$1.71/GJHHV) 4.14 4.14 5.65 5.65 5.20 5.20 3.60
Biomass 0.00 0.00 0.00 0.00 1.43 1.43 6.47
GHGemissionscharge 0.00 0.00 0.00 0.00 0 0 0
CO2disposalcharges 0.00 0.49 0.00 1.04 0.68 1.05 1.14
Electricitysales(@$60/MWh) Ͳ2.26 Ͳ1.68 Ͳ9.24 Ͳ7.76 Ͳ8.04 Ͳ8.04 Ͳ9.01
Total,$/GJLHV 12.48 13.71 12.18 15.28 12.95 16.15 20.69
Total,$/gallongasolineequiv 1.5 1.6 1.5 1.8 1.6 1.9 2.5
Breakevenoilprice,$/bbl 56 63 55 71 59 76 101
AvoidedGHGcost,$/tCO2equiv Ͳ 11 Ͳ 21 20 23 21
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4. Merits of coprocessing biomass with coal in OT FTL systems 
     The above calculations highlight the economic attractions of CTL-OT-CCS. An unattractive feature is that the 
FTL GHG emission rate would be 1.28 X the rate for crude oil products displaced (Table 2); it is so high because 
only naturally concentrated streams of CO2 (which account for only 68% of the feedstock C that is not contained in 
FTL products compared to 78% in the CTL-RC-CC case) are captured and stored (Table 2).  
     The GHG emission rate for FTL from coal-based OT plants could be reduced to 0.92 X the rate for crude oil 
products displaced by adding autothermal reformers and other downstream CO2 capture equipment that enable 
capture of 85% of the feedstock C not contained in FTL products (CTL-OTA-CCS option); but autothermal 
reformers are expensive and energy-intensive [1]—so that the capture cost for CTL-OTA-CCS is higher than for 
IGCC-CCS (Figure 2).   
    An alternative approach for reducing FTL GHG emissions for OT-CCS systems is to coprocess biomass with 
coal. The FTL GHG emission rate is  1.0 X that for crude oil products displaced for Small CBTL2-OT-CCS, which 
coprocesses 8.6% biomass (Table 2); it becomes 
competitive with Small CTL-OT-V when the 
GHG emissions price reaches $23/t CO2eq (Figure 
1 and Table 3)—far lower that the minimum GHG 
emissions price needed to induce CCS for stand-
alone power.  
     The GHG mitigation benefits of coprocessing 
biomass with coal increase with biomass input. 
When the biomass input reaches 38% of total 
input energy, the fuel-cycle-wide GHG emission 
rate for FTL production and use is zero (CBTL-
OT-CCS option in Figure 1, Table 2, and Table 
3). For this option, the biomass feedstock required 
to produce a unit of liquid fuel energy would be ~ 
½ that required for conventional biofuels such as 
cellulosic ethanol [1]. Figure 1 shows that when the GHG emissions price reaches $80/t of CO2eq, CBTL-OT-CCS 
becomes the least costly of the displayed options. In [1] it is shown that at this GHG emissions price CBTL-OT-
CCS becomes the least costly of all the 16 FTL 
options considered (other than the CBTL with 
CCS option that involve growing of mixed prairie 
grasses on degraded lands with carbon depleted 
soils [8]). At this GHG emissions price, the 
estimated levelized production cost (at plant-gate) 
would be $1.75 per gallon of gasoline equivalent, 
and the breakeven crude oil price would be ~ $30 
a barrel—which implies that a strong carbon 
mitigation policy would offer protection to a 
CBTL-OT-CCS plant owner against the financial 
risk of oil price collapse. 
5. OT plants in economic dispatch 
competition 
     Considered as a power plant, an OT plant 
would be a “must-run” baseload unit. Once built, 
it would be able to compete with other power 
plants in economic dispatch competition as long 
as its revenues exceed short run marginal costs. An important feature of OT systems is that they will be very 
competitive in economic dispatch with existing coal power plants down to extremely low oil prices (shown in Figure 
3 for Small CBTL2-OT-CCS plants). The reason is that total required revenues for dispatch competition are 
dominated by oil revenues even at relatively low oil prices. Figure 4 shows for the Small CBTL2-OT-CCS option 
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that if oil prices don’t fall below ~ $50 a barrel an OT plant operator would be willing to sell decarbonized power in 
economic dispatch competition down to a ~ $0/MWh dispatch price—which implies that these plants would be able 
to back out electricity even from existing coal power plants—offering thereby a market-based approach for 
decarbonizing existing coal power plants.  
6. A suggested way forward 
Despite the above-described attractive features of coal/biomass polygeneration systems with CCS, there is no 
rush to embrace this technology in the market. This is probably due in large part to the complications of managing 
and marketing simultaneously such disparate products as electricity and liquid fuels. Thus, some kind of nurturing 
public policy may be needed to overcome institutional obstacles. Such intervention can be justified by the public 
benefits offered by such technologies in helping mitigate both climate change and energy insecurity challenges. 
Here it is suggested that an appropriate motivating public policy might be one seeking to exploit the low cost of 
avoided GHG emissions for these systems in helping establish CCS in the market as a routine commercial activity.   
To establish wide stakeholder confidence in CCS as a viable gigascale strategy for carbon mitigation as well as to 
address technical issues relating to CO2 storage at scale [3], several successful integrated CCS projects at megascale 
(i.e., each storing ~ 1 million tonnes of CO2 annually in a deep saline formation) are needed as soon as possible. It is 
widely believed that most of the needed integrated CCS projects will involve storing underground CO2 from new 
coal power plants. But widespread cancellations of new coal power projects as a result of construction cost 
escalation suggest that there will be few megascale project opportunities at new coal power projects in the near term.  
However, there are several reasons for thinking that relatively small-scale polygeneration plants, perhaps 
modeled after Small CBTL2-OT-CCS, are good candidates for early integrated CCS projects. First, various planned 
synfuels projects are going forward because prospective oil prices make such plants economically interesting despite 
construction cost escalation. Second, polygeneration plants based on OT configurations that provide a substantial 
electricity coproduct will often be favored over RC options because of the more favorable economics they offer in 
providing synfuels. Third, the low cost of GHG emissions avoided for OT synfuel plants compared to stand-alone 
power plant makes them good candidates for megascale integrated CCS projects for power if suitable CO2 storage 
sites can be found nearby, especially considering that federal funding generally is a scarce resource and assuming 
that government would pay for much if not all of the incremental CCS cost for early projects.17  Fourth, the US Air 
Force has set a goal of securing by 2016 (perhaps via procurement contracts) enough domestically derived synthetic 
fuel to provide ½ of the fuel needs of its North American jet fleet (~ 800 million gallons of jet fuel per year)—a 
quantity that could be provided by a relatively small number of FTL polygeneration plants.    
Kreutz et al. [1] have shown that the least costly way to provide FTL for a given level of coal input is via CTL-
OT-V plants. However, the Air Force is constrained by the requirement of Section 526 of the Energy Independence 
and Security Act of 2007 that synfuels cannot be 
procured by the federal government unless the fuel-
cycle-wide GHG emission rate is no more than for the 
crude oil products displaced. Although the CTL-OT-
CCS option would not meet this criterion if the 
electricity coproduct were assigned the GHG emission 
rate of a coal power plant with CO2 capture, the CTL-
OTA-CCS option could do so, according to the modeling 
carried out in Kreutz et al. [1]. However, the CO2
capture cost (Figure 2) and the corresponding cost of 
GHG emissions avoided are relatively high for this 
option. A much less costly option would be to coprocess 
a small amount of biomass with coal.  
Specifically, 10 Small CBTL2-OT-CCS plants 
17 As the National Energy Technology Laboratory (NETL) will do in the ongoing Restructured FutureGen Program, for which candidate
integrated CCS project proposals were due at the NETL on 8 October 2008. 
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(Tables 2 and 3) on line by 2016 would provide FTL diesel equivalent to ~ 800 million gallons per year of 
petroleum-derived diesel and enable the Air Force to meet its 2016 synthetic fuel goal without violating Section 526 
(the GHG emission rate for FTL would be the same as for crude oil products displaced if the GHG emission rate 
assigned to power is for an IGCC with CCS plant with 90% capture). Moreover, ten such projects would provide in 
total more than ~ 3 GWe of decarbonized power and FTL gasoline equivalent to ~600 million gallons per year of 
petroleum-derived gasoline. Because these CBTL2-OT-CCS plants would be so competitive in economic dispatch 
(Figure 3), they would be able to back out existing coal power. 
Ten such projects would: (i) create a large base of experience with CO2 storage—135 million cumulative tonnes 
of CO2 stored in various deep saline formations after 5 years; (ii) catalyze substantial CCS cost reduction, thereby 
facilitating subsequent widespread deployment of energy conversion facilities with CCS; (iii) help establish a 
“polygeneration-based market mechanism” for replacing existing coal power plants with decarbonized electric 
power on electric grids; (iv) help launch a synfuels industry in the US market based on secure domestic energy 
resources that would not exacerbate climate change; (v) help establish a biomass supply logistics infrastructure that 
could lead to deployment later of technology offering affordable FTL with extremely low net GHG emission rates as 
plants are deployed with higher biomass coprocessing rates (e.g., CBTL-OT-CCS). 
It would, of course, be inappropriate for the government to specify that it would support deployment of 10 
CBTL2-OT-CCS projects, but technologies like these might very well be selected by the market under reasonable 
qualifying criteria for a Restructured FutureGen Program, Phase II (RFG.2), that might be jointly sponsored by the 
Departments of Energy and Defense. The goals of RFG.2 might be to have on line by 31 December 2015 (as in the 
current Restructured FutureGen Program, henceforth called RFG.1) several integrated CCS projects for which 
government would pay for the incremental CCS cost (as for RFG.1) for a period of the order of 5 years.   
Many of the qualifying criteria for federal incentives under RFG.2 might be the same as for RFG.1, i.e.,
qualifying projects might be required to: (i) provide energy products that include at least 300 MWe of decarbonized 
power; (ii) store at least 1 million tonnes of CO2 per year in deep saline formations; (iii) use domestic coal to the 
extent of at least ¾ of the feedstock; (iv) use at least ½ of the coal to make electricity as a product. But in order for 
the Department of Defense to view RFG.2 as an attractive instrument for realizing its 2016 jet fuel goal it would be 
reasonable to add the following criteria: (i) systems providing simultaneously both decarbonized electricity and 
synthetic fuels would be allowed to compete for RFG.2 incentives with systems that provide only decarbonized 
electricity; (ii) systems that coprocess coal and biomass not produced on good cropland would be allowed to 
compete; (iii) to qualify, these polygeneration systems must satisfy the Section 526 specification that the fuel cycle 
wide GHG emission rate for the synfuels produced shall not exceed that for the crude oil products displaced when 
the electricity coproduct is assigned a GHG emission rate that is the same as for a plant that produces power only 
and achieves a minimum capture rate of 81% of the carbon content in the syngas or flue gas (a qualification criterion 
for RFG.1 incentives), and (iv) projects with the least costs for GHG emissions avoided would be favored. 
Because Small CBTL2-OT-CCS plants would be strong competitors in meeting proposed RFG.2 criteria, it is 
useful to highlight prospective costs if the RFG.2 competition winners were dominated by such projects. Bringing 
10 CBTL2-OT-CCS plants on line by 2016 would require, under Base Case conditions a capital investment of $16 
billion (exclusive of investment in CO2 transport and storage), and the levelized FTL production cost would  be $1.9 
per gallon of gasoline equivalent (gge). Under Base Case  conditions, RFG.2 incentives would total $3.6 billion over 
5 years. For comparison, total federal support for the ongoing Restructured FutureGen Program is $1.3 billion.  
For the first 10 plants it might be more realistic to assume the Early Mover conditions described in footnote 11, 
which imply an 11% increase in the required investment to $17 billion and a 48% increase in the levelized FTL 
production cost to $2.9 per gge. However, the required required RFG.2 incentives over the 5 year period under Early 
Mover Conditions would increase less than 0.5% relative to the Base Case.   
If, after the 5-year period during which federal incentives are paid to cover incremental CCS costs, a carbon 
policy were in place characterized by a GHG value of $25/t of CO2eq, these Small CBTL2-OT-CCS plants would be 
fully competitive with Small CTL-OT-V plants having the same FTL output capacity under both Base Case  (Figure 
1 and Table 3) and Early Mover assumptions. 
A new RFG.2 structured along the lines proposed above could prospectively be helpful in advancing a carbon-
sensitive polygeneration-based synfuels industry while helping establish public confidence in CCS as a gigascale 
carbon mitigation opportunity. 
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7. Conclusions 
Kreutz et al. [1] provides a strong analytical basis for thinking that satisfying energy security and carbon 
mitigation objectives can be mutually reinforcing rather than antagonistic: (i) Co-production of electricity and FTL 
leads to less costly FTL than via production that maximizes FTL output; (ii) In polygeneration plants about ½ of the 
feedstock carbon can be recovered as CO2 in a concentrated stream for which CO2 capture costs are small relative to 
capture costs for stand-alone power plants; (iii) Power so produced can be decarbonized at a much lower GHG 
emissions price than for power produced in stand-alone plants; (iv) Coprocessing biomass with coal is a cost-
effective way to reduce FTL GHG emissions in polygeneration plants, requiring much less biomass input to realize 
ultralow GHG emission rates for liquid fuels compared to conventional non-food biofuels options such as cellulosic 
ethanol; (v) At a GHG emissions value of ~ $80/t of CO2eq FTL could be produced (via CBTL-OT-CCS) at a zero 
net GHG emission rate at a production cost level ~ $1.8 a gallon of gasoline equivalent, and CBTL-OT-CCS 
producers would be protected against oil price collapse down to crude oil prices ~ $30 a barrel.       
Moreover, a new program such as the proposed new Phase II for the ongoing Restructured FutureGen program 
for helping establish the viability of CCS as a gigascale C-mitigation option could be powerfully effective in 
establishing in the market a synfuel industry that would not exacerbate the C problem while putting that industry on 
a path to a major role in the market for carbon neutral synfuels that require no significant liquid fuel infrastructure 
change relative to current systems providing gasoline, diesel, and jet fuel..     4 5 6 7 8 9
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